Single-well push-pull (SWPP) test is one of the most important ways to estimate aquifer 19 transport parameters, e.g. porosity, dispersivity, rate of biogeochemical reaction, but its 20 application for determining the regional groundwater velocity has rarely been discussed in 21 previous studies. In this study, a new numerical model of SWPP test considering regional 22 groundwater flow and skin effects was established using the finite-element COMSOL 23
have been widely used to estimate regional groundwater flow velocity, porosity, and 48 
method. 72
As mentioned above, SWPP test is a powerful tool for aquifer characterization, including 73 the determination of regional groundwater flow velocity. Traditionally, regional groundwater 74 flow velocity can be obtained by three or more groundwater monitoring wells in the aquifer 75 by conducting the natural gradient tracer tests rather than the SWPP tests (Pickens et al., 76 1981; Michie, 1996; Zimmermann and Huenges, 1999) . However, the natural gradient tracer 77 tests usually take much longer time to complete. This is particularly troublesome when the 78
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-279 Manuscript under review for journal Hydrol. Earth Syst. Sci. such a purpose, the SWPP tests usually consist of three phases: tracer injection, rest, and 85 pumping. The rest phase allows the injected tracer to drift with regional groundwater 86 velocity, thus it is a key phase to include. Leap and Kaplan (1988) In addition, the impacts of skin near a pumping well are usually neglected for a SWPP 97 test, which might bring about great errors for the estimation of aquifer parameters and 98 regional groundwater flow velocity. During the process of well implementation, the intrusion 99 of drilling mud into the aquifer in the vicinity of well is inevitable, which can result in the 100 The thickness of skin usually ranges from a few millimeters to several meters (Novakowski, 103 1989) . The skins can be classified into positive and negative types according to the hydraulic 104 conductivity contrast between the skin and the formation zone. If the hydraulic conductivity 105 of the skin is smaller than that of the formation zone, the skin is defined as a positive one. 106
Otherwise, it is a negative skin (Park and Zhan, 2002; Yeh et al., 2003; Wen et al., 2011) . 107
Such a skin, regardless of positive or negative, will inevitably alter the flow field near the test 108 well, thus its effect must be taken into consideration for interpreting the SWPP test. For 109 instance, the streamlines of skin zone can converge toward the well in the case of a negative 110 skin, but the opposite is true for a positive skin (Drost et al., 1968; Schubert et al., 2011) . 111
In summary, the skin effect is a very important issue from the perspective of SWPP test 112 interpretation. Through a careful check on the literature, we notice that the model of SWPP 113 for estimating groundwater flow velocity needs further investigation, besides, the impacts of 114 skin effects on SWPP tests for estimating groundwater flow velocity have rarely been 115 studied, which will be the purpose of this study. To accomplish the objective, we will 116 investigate a SWPP test containing three phases of injection, rest and pumping using a fully 117 penetrating well. We will use the finite-element COMSOL Multiphysics to numerically 118 simulate the steady-state, two-dimensional (2D) horizontal flow, with specific attention paid 119 to the skin effect. 120
Mathematical model of the SWPP test 121
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To illustrate the problem, we will use a conservative tracer. A confined aquifer is 122 assumed to be unbounded laterally with a uniform regional groundwater flow presented over 123 the entire duration of test. The aquifer is assumed to be homogeneous and horizontally 124 isotropic. A fully penetrating well is used so only the horizontal flow is of concern here. Flow 125 is assumed to be Darcian and transport is assumed to be Fickian. The test well radius is 126 assumed to be sufficiently small so that the wellbore effect is not a concern. The tracer is 127 injected with a constant rate and a constant concentration at the injection phase and is 128 pumped with a constant rate (which could be different from the injection rate) at the pumping 129 phase, after a certain period of rest phase to allow the injected tracer drifting with the regional 130 groundwater flow. The coordinate system is established as follows with the origin at the 131 center of the test well and the x-axis pointing to the direction of regional groundwater flow. A 132 2D schematic diagram investigated here is depicted in Fig.1 . 133
Mathematical model of groundwater flow 134
Flow of the SWPP test is assumed to be steady-state, thus the groundwater flow velocity 135 can be expressed as the superposition of the flow component generated by the pumping well 136 and the regional flow: 137 According to Fig.1 , the boundary conditions for the domain of concern can be expressed 155
where s1, s2 ,s3 and s4 are the boundaries of the model; s1 and s2 are constant-head boundaries 159 with prescribed heads of H1and H2, respectively; both s3 and s4 are no-flux boundaries. 160
Therefore, a constant regional flow field can be generated and one can obtain different values 161 of v2 by changing the head differences of H1 and H2. 162
Mathematical model of solute transport 163
The ADE of a conservative solute without source/sink can be written as: 164 respectively; the hydrodynamic dispersion is a velocity-dependent tensor depicted as: 168
where Dxx, Dxy, and Dyy are components of the hydrodynamic dispersion coefficient tensor 173 The initial condition is: 178
During the injection phase, the inner boundary condition inside the well can be 180 ]. The SWPP test was divided into three phases, the simulation results at the end of 220 each phase, including the hydraulic head and the solute concentration, were set as the initial 221 values for the simulation in the next phase. 222
A uniform skin near the well was considered in a confined aquifer, and the thickness of 223 the well skin was assumed to be constant and equal to rs along the well screen in this model. 224
The skin hydraulic conductivity and effective porosity were set as Ks and θs respectively. The 225 default values of the parameters were shown in Table 1 . Table 1 . Table 1 . It is found that different regional groundwater velocities have 244 great impacts on BTCs, and such impacts depend on the value of the regional groundwater 245 velocities. It is found that the tracer concentration is smaller at early stage with a greater 246 regional groundwater velocity. Additionally, it is notable that a larger regional groundwater 247 velocity will result in a longer tailing. 248 are the same as those used in Table 1 . It is found that the tracer concentration is smaller as tres 273 increases in Fig. 6 . This is because a longer time of rest phase means a farther distance of 274 tracer drifting, leading to a smaller portion of tracer mass that can be extracted during the 275 pumping phase. In order to interpret this behavior explicitly, the concentration distributions in 276 a 2D horizontal plane at tpump=0 hr with different tres are shown in Fig. 7 . One can see that a 277 longer tres means that more tracer mass drifting over the location of Sp toward downstream, 278 resulting in lower concentrations in the wellbore during the pumping phase in Fig. 7 . 279
The effects of tres on BTCs in the SWPP test 270
According to the analysis above, there is a strong interaction between regional groundwater 280 flow and well flow, thus proper choices of the duration of each phase, and the injection and 281 pumping rates are vital for the success of a SWPP test. For instance, for the case of a 282 relatively large regional groundwater velocity, one can decrease tres or increase the magnitude 283 of Qpump to recollect the tracer as much as possible, thus avoiding the over-or under-284 estimation of hydraulic parameters from the SWPP test. 285 
The effects of porosity on BTCs in the SWPP test 286

The effects of skin hydraulic conductivity on BTCs in the SWPP test 303
As mentioned above, the well skin includes two general types, i.e., a positive skin or a 304 negative skin. Denoting the hydraulic conductivities of skin and aquifer (or formation zone) 305 respectively as Ks and K, one can use a new parameter δ=Ks/K to reflect the skin impact, 306 where δ is a parameter reflecting the type of the skin and called the "skin index" hereinafter. 307
Specifically, δ<1 represents a positive skin, while δ >1 represents a negative skin. Note that 308 the case of δ =1 represents the case without a skin. In this section, we will provide a detailed 309 analysis on the impact of the skin hydraulic conductivity on SWPP test. indicate that the concentration gets higher at early stage of pumping when the skin index is 315 lower, as shown in Fig. 10 . This may be explained as follows. A skin with a lower δ value (or 316 a lower permeability value in respect to that of the formation) essentially serves as a 317 somewhat "shield" around the test well that can make the spreading of the tracer mass out of 318 the test well more difficult during the injection phase. Consequently, more tracer mass will be 319 retained near the test well either in the skin or near the skin in the formation zone. Therefore, 320 during the pumping phase of the test, more tracer mass can be extracted during the early stage 321 of the pumping phase, leading to higher concentration during that stage. To further explicitly 322 interpret this behavior, the concentration distributions in a 2D horizontal plane at tpump=0 hr 323 with different δ values are shown in Fig. 11 . As can be seen in Fig.11 , a lower skin hydraulic 324 conductivity leads to more tracer accumulation in the skin zone after the rest phase. the results indicate that the concentration gets lower at early stage of pumping when the skin 332 index (δ) increases. This is because a negative skin is somewhat like a "high conductance 333 zone" rather than a "shield", and can facilitate the spreading of tracer mass away from the test 334 well during the injection phase. Therefore, less tracer mass will be retained near the test well 335 for a higher skin index, thus less concentration will be seen during the early stage of pumping 336 
Effects of skin thickness on BTCs in the SWPP test 343
In this section, we will analyze the impacts of the skin thickness on BTCs. 344
Positive skin 345
Firstly, we will analyze the impacts of the skin thickness on BTCs for a positive skin tracer can be found in the skin region with the increase of rs, resulting in different shapes of 358 BTCs in Fig.14.  359 
Negative skin 360
Similarly, we have also analyzed the impacts of the skin thickness on BTCs for a 361 well, which will facilitate the spreading of injected tracer mass further away from the test 368 well. This is further supported by the concentration distributions in a 2D horizontal plane 24 369 hr after the cease of injection (rest phase) with different negative skin thickness, as shown in 370 Fig.16 , and the tracer is transported further away from the test well in the case of 374 rs =0.6 m than that in the case of rs=0.2 m in Fig.17 . 375
Conclusions 376
In this study, a numerical model for a SWPP test with the presence of a regional 377 groundwater flow field, considering both the positive and negative skin effects was 378 investigated. There is a strong interaction between regional groundwater flow and well flow, 379 the numerical model of SWPP test can be used to obtain unknown parameters: i.e., regional 382 groundwater velocity, effective porosity, dispersivity, and biogeochemical reaction rates, by 383 fitting to the observed BTCs. The effects of both the hydraulic conductivities and thickness of 384 the skin zone on BTCs had also been considered. The following conclusions can be drawn: 385 1. Regional groundwater velocity has a significant effect on the shape of BTCs, a lower 386 regional groundwater velocity means that more tracer can be accumulated near the 387 symmetry plane around the well. The opposite is true for a case of a larger regional flow 388 velocity, resulting in a longer tailing of BTCs obtained during the extraction phase. In 389 addition, the pattern and location of the dividing streamline determine the quantity of tracer 390 mass extracted during the pumping phase. 391 2. We have proposed a skin index which is essentially the skin/formation hydraulic 392 conductivity ratio to quantify the skin impact. A lager skin index results in a lower 393 concentration for BTCs at early stage of pumping. On the contrary, a smaller skin index 394 means a higher concentration for BTCs at early stage of pumping. In addition, a smaller 395 skin index means that solute plume can accumulate more in the skin zone, otherwise, a 396 larger skin index results in a solute plume drifting further away from the skin zone after the 397 cease of the injection phase. and δ= 1, 1.5, 2 and 3. 510 
